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Abstract

This article describes a noncontact single-sided terahertz electromagnetic measurement and imaging
method that simultaneously characterizes microstructural (egs. spatially-lateral density) and thickness
variation in dielectric (insulating) materials. The method was demonstrated for two materials—Space
Shuttle External Tank sprayed-on foam insulation and a silicon nitride ceramic. It is believed that this
method can be used as an inspection method for current and future NASA thermal protection system and
other dielectric material inspection applications, where microstructural and thickness variation require
precision mapping. Scale-up to more complex shapes such as cylindrical structures and structures with
beveled regions would appear to be feasible.

Introduction

The Columbia Accident Investigation Board recommendation R3.2.1 stated “Initiate an aggressive
program to eliminate all External Tank Thermal Protection System debris-shedding at the source....” To
support this recommendation, inspection methods for flaws in foam are being evaluated, developed, and
refined at NASA. Terahertz c-scan imaging is an emerging and very effective nondestructive evaluation
(NDE) technique used for dielectric materials analysis and quality control in the pharmaceutical,
biomedical, security, materials characterization, and aerospace industries. Background information and
results with terahertz measurements can be obtained from several references (Altan, et al., 2004; Ammone
et al., 1999; Hu and Nuss, 1995; Mittleman, et al.; 1996, Mittleman, et al.; 1999; Roth et al. 2006; Winfree
and Madaras, 2005). Briefly, terahertz waves are electromagnetic waves with wavelengths on the order of
200 to 1000 um. Reflections occur to varying degree at interfaces between materials with dissimilar
dielectric properties (difference in indices of refraction). Metallic materials totally reflect terahertz waves
while nonpolar liquids, dielectric solids, and gases are at least partially transparent to terahertz energy.
Continuous wave (narrowband) and pulsed (broadband) terahertz systems exist. This study is based on
results from a reflection-mode broadband terahertz method with a collinear source-detector (transceiver)
configuration shown schematically in figure 1.
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Figure 1.—Basic schematic diagram of reflection-mode terahertz methodology. Reflections will be
received off of the various interfaces. Reflection from metal will be the strongest. The horizontal
dotted line over the echo shows the time gate typically used during signal processing.

Terahertz imaging is being used at NASA for nondestructive evaluation of the Space Shuttle external
tank thermal protection system sprayed-on foam insulation (SOFI). Generally, it is used in the pulse-echo
c-scan configuration to map variations in the peak amplitude of the echo off of the metal substrate
(equivalent to the location of the back surface of the foam) that occur when scanning across a section of
foam in order to detect voids, cracks, disbonds, and any sort of discontinuity. Traditional c-scan imaging
scales the peak amplitude values (to an 8- or 16-bit gray or color scale) at each scan location to form an
image.

An additional implementation of pulse-echo c-scan imaging involves mapping variations in the time-
of-flight of a terahertz echo peak, or mapping the time delay between front and substrate (with the sample
present) echoes. This implementation concerns itself more with mapping thickness or global
microstructural variation (such as physical density variation) as opposed to discrete flaw detection. Time
delay between the front surface echo and substrate echo (with the sample present) (27) is directly affected
by thickness variation (d) and terahertz velocity (¥) in the material according to:

2r=@

7 (M

Here the designations 2t and 2d (versus T and d) are used since the ultrasonic echo travels through twice
the material thickness in the pulse-echo mode. Terahertz velocity is affected by variations in a volumetric
microstructural property such as physical density (fig. 2), similar to the way ultrasonic velocity responds
to microstructural variation (Generazio et al., 1989, Roth et al., 1991, Roth et al., 1995). Determining the
relationship between velocity and density allows actual density maps to be obtained from velocity maps
as will be demonstrated in this article.

Spatial variations in part thickness and/or spatially-lateral microstructural character will result in
variations in maps of 21. Analagous to a complex number having real and imaginary parts, 2t images can
be thought of as having thickness and microstructural components if both thickness and microstructural
variation are present. This study presents a terahertz method which allows the separation of time-of-flight
variations into its microstructural and thickness components. This method becomes important in order to
correctly determine the extent of microstructural variation in a part that also has thickness variation.
Additionally, it provides a noncontact method for mapping thickness and/or density in parts.
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Figure 2.—Terahertz velocity versus physical density including best linear
curve fit. (a) Terahertz velocity versus density for external tank sprayed-on
foam insulation derived by using the mean of 300 to 400 velocity data
points for 77 foam cubes. (b) Terahertz velocity versus density for silicon
nitride using terahertz velocity and percent porosity at selected 9points on
silicon nitride sample (theoretical density = 3.44 g/cm3). G=10"

Prior Art

Several attempts to separate thickness and microstructural variation effects in ultrasonic images were
noted (Bashyam, 1991). (Bashyam, 1991) used a two- transducer ultrasonic method whereby the
transducers were used in both pulse-echo and through-transmission mode to monitor thickness via time-
of-flight information and track echo peak amplitude. Knowing the thickness at each scan location, the
material attenuation coefficient, and the assumption that the attenuation coefficient is constant throughout
the part, a c-scan image can be produced free of thickness effects. Several references showed single point
(nonimaging) ultrasonic measurement methodology that accounted for thickness variation effects (Hsu, et
al., 1994 and Piche’, 1984). (Hsu et al., 1994) simultaneously determined ultrasonic velocity, plate
thickness and wedge angle with a method that conceivably could be extended to imaging. (Sollish, 1977;
Piche’, 1984) described a single point ultrasonic velocity measurement method using a reflector plate
located behind the sample that does not require prior knowledge of sample thickness and lends itself to
multiple measurements within a sample of nonuniform thickness. Several references proceeded to scale
up and automate this ultrasonic method to obtain ultrasonic velocity images for plate and cylindrical
samples of various materials of nonuniform thickness (Dayal et al., 1994; Roth et al., 1996; Roth et al.,
1997; Roth et al., 1998; Roth et al., 2000).

No attempts to separate thickness and microstructural variation effects in terahertz time-of-flight
images were noted in the literature. Terahertz methods to obtain thickness images of foam based on
empirical relationships developed from attenuation as a function of thickness have been used but do not
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account for microstructural variation (Trinh, 2006). A similar procedure could be envisioned to develop
an empirical relationship between attenuation and density, but would not account for thickness variation.
A procedure utilized in ultrasonics and terahertz in which the substrate reflector plate time-of-flight scan
with no sample present is subtracted from the same scan with the sample in place is useful to characterize
microstructure and correct for setup nonuniformity/nonlevelness, but will not separate thickness and
microstructural effects (Seebo, 2006).

Methodology

In this investigation, the conventional terahertz method of inspecting metal reflector-backed dielectric
materials is taken advantage of to simultaneously provide thickness-independent velocity (free of
thickness effects) and microstructure-independent thickness (free of microstructure effects) images.
Figure 3 shows a schematic of the pulse-echo terahertz testing method and resulting waveforms. A pulse-
echo terahertz velocity measurement is made by sending terahertz energy via a transceiver (device that
has both a transmitter and a receiver) into and through a dielectic (insulating) material backed by a plate
(electrically-conducting, generally metallic) that reflects the terahertz energy back to the transceiver. The
terahertz transceiver is separated from the dielectric sample by an air path.

The novel pulse-echo method described here for measuring velocity in a material sample uses echoes
off of the reflector plate with (BS) and without the sample present (M), as well as using the echo off of
the sample front surface (FS). The following steps show how velocity (V) in a sample of thickness (d) is
determined without needing prior knowledge of thickness. With a dielectric sample present between the
transceiver and the reflector plate, the pulse that travels from the transceiver through the sample to the
reflector plate (equivalent to the sample back surface position) and back to the transceiver is labeled BS
and will be observed at time 7' where:

t'= (2t1 +2T)

THz transceiver
-

< _FSBSM"
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beam
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Figure 3.—Schematic of the pulse-echo terahertz testing and
resulting waveforms. FS and BS occur with the sample present. M”
occurs without the sample present. THz = terahertz.
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where 2¢ and 2t are the pulse-echo time delays of the terahertz pulse from the transceiver to the sample

front surface and from the sample front surface to the substrate (with the sample present), respectively
(fig. 3). Placing a dielectric sample in between the terahertz transceiver and the reflector plate slows down
the terahertz pulse as compared to its travel time in air. Thus, with the sample removed, the pulse that
travels from the transceiver to the reflector plate and back to the transceiver is labeled M" and will be
observed at an earlier time #"' where:

t" =(2t1 +2ij 3)

C

where c is the velocity of terahertz energy in air and d is the air gap equal to the sample thickness. The
velocity of light at standard temperature and pressure was used for c¢ in this investigation and is equal to
0.02997055434 cm/psec. Subtracting equation (3) from equation (2) gives:

t'—t"=At = 2r—2i 4)
C

The thickness (d) of the sample can be determined in the pulse-echo configuration from:
2d = (27 )

Solving equation (5) for d and substituting the result into equation (4) gives:

ar=20-2L ©)
c
Rearranging equation (6) to solve for V' gives:
V= c[l —ﬂj @)
27

As seen from equation (7), sample thickness (d) is not a variable in the equation. Thus, this method
does not require prior knowledge of sample thickness. If extended to multiple measurements across the
sample (imaging), sample thickness variation effects are eliminated in the image allowing a true picture of
microstructural variation for types of microstructural variation (such as density variation) that correlate
with and will be revealed by velocity variation. For conventional time-of-flight imaging (eq. (1)),
thickness variation effects would corrupt the evaluation of microstructural variation—thus the new
methodology allows true characterization of microstructural variation in a material structure that is also
nonuniformly thick. Equation (7) shows how the terahertz velocity in a dielectric material will be reduced
fractionally from that in air by the factor:

v
2t

Further, rearranging equation (4) to solve for sample thickness (d) gives:
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d= c(2r - At)
2

which allows the calculation of absolute material thickness without prior knowledge of velocity. If
extended to multiple measurements across the sample (imaging), sample microstructure variation effects
are eliminated in the image allowing a true mapping of thickness variation. For conventional thickness
mapping (rearrange eq. (1) to solve for (d)), microstructure variation effects would corrupt the evaluation
of thickness variation—thus the new methodology allows true characterization of thickness variation in a
material structure that is of nonuniform microstructure. A key point of the methodologies presented in this
section are that both thickness-independent velocity and microstructure-independent thickness images can
be derived from the same set of scan information.

In practice, 27 is experimentally obtained from the pulse-echo time delay between the first front
surface (FS) and substrate echo with the sample present (BS) (fig. 3). Either the time difference from FS
peak location to BS peak location or cross-correlation (Hull, et al., 1985) of the two echoes can be used to
obtain the 2t time delay. At is the pulse-echo time difference between the echo off the reflector plate with
and without the sample present, respectively.

Ramifications

Flaws present in the Space Shuttle external tank thermal protection system may play a role in foam
release and are therefore important to detect and characterize prior to flight (CAIB report). The external
tank configuration has sprayed-on foam insulation (SOFI) placed on top of the metal container and thus
lends itself to terahertz inspection. Terahertz inspection has shown significant promise for detection of
voids in the foam for metallic-backed SOFI test articles (Roth, et al., 2006) for. Other potentially
undesirable foam anomalies that have been identified include density variations and crushed foam (NESC
ET TPS NDE SPRT Final Report, 2007). In fact, after the shuttle flight STS-114, the ability to
nondestructively detect crushed foam became a significant priority. The microstructure-independent
thickness mapping method can be used to identify and quantify areas of crushed (pushed-in) foam and
precisely map thickness. The thickness-independent velocity method can be used to identify and
quantify density variations in foam and other materials. It is worth noting that the previously-discussed
ultrasonic methods for thickness-independent velocity and micostructure-independent thickness (Sollish,
1977; Piche’, 1984; Dayal, 1992; Roth et al., 1996) require water coupling while no such coupling is
needed for terahertz methods. The latter fact makes the terahertz method much more practical than the
ultrasonic method for dielectric materials.

Limitations

The front surface echo off of the dielectric material may be of very low signal-to-noise ratio (SNR)
depending on the dielectric match between air and the sample. If a good dielectric match exists, much of
the terahertz energy will be transmitted into the sample. Additionally, the focal plane sensitivity of the
terahertz method for samples of nonuniform thickness may result in the FS echo too far out of focus and
thus reduce SNR even further, thus limiting the thickness variation over which the method can be used.
The approximate time location of FS must be known apriori and the wavetrain examined manually in the
software oscilloscope trace in order to determine what special post-processing needs to be applied in
order to amplify and denoise F'S. For the space shuttle external foam, the 7S echo can be as small as
1/100th the amplitude of the BS echo. This requires signal processing/conditioning steps of denoising
and/or low-pass (smoothing) filtering followed by amplification (software gain) at the time location(s) of
the F'S echo to clearly separate the F'S echo from baseline noise. Specific conditioning parameters will be
described in the EXPERIMENTAL section. To create a better dielectric mismatch situation in which
more of the terahertz energy is reflected back to the receiving system while an ample amount is still
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transmitted into the sample, a sheet of very thin (250 um) plastic transparency paper can be placed onto
the sample. This method can be used to locate the front surface echo locations prior to scanning, or in
situations where it can be tolerated during actual scanning, will provide front surface echoes of much
greater SNR. Also, knowledge of distance between scanner head and sample top surface, velocity of
terahertz in air (speed of light), and any post- or pre-trigger delays should allow calculation of
approximate front surface time location(s). It should be noted that further studies to determine practical
thickness variation limit are required.

Measurement Uncertainty

The precision (uncertainty) in the thickness-independent velocity (GV) due to the random errors in the

measurements of the variables Az, and 2t was obtained by use of equation (7) and the variance relation
(Bevington, 1969) to give (ignoring uncertainty in c):

ot (22 ) ton P o[ 32 fon?

O(At) o(2t)
where
oV c
(a(At)J__E’ (0
ov c(At)
= , 12
(0(%)} (21)° )
and

1
OAr =0A21 :[2*SRJ

where SR = sampling rate and jitter is not considered. Percent uncertainty in the thickness-independent
velocity is given by

Oy

U, =
[l

Figure 4 shows %uncertainty Uy in thickness-independent velocity measurement as a function of A¢,
2t,and V.

For the foam samples and the experimental setup of this study, given good quality initial or signal-
processed waveforms, and using typical values of A7 ~ 6 psec, 21 ~ 200 psec, SR = 6.4 THz, ¢ =
0.02997055434 cm/psec, and V ~ 0.0290 cm/psec, gives U, ~ 0.01 percent.

Similarly, the precision (uncertainty) in the microstructure-independent thickness (o d) is:

o =( o T(% Y +(if(cm Y (14)

o(At) (27)

od c
(a(Az)}__E (15)
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Figure 4 —Percent Uncertainty Uy in thickness-independent
velocity measurement as a function of At, 2t, and V for
vV =0.01, 0.03, and 0.05 cm/psec.
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Percent uncertainty in the microstructure-independent thickness is given by

and

Gy

Ud=[ d

Since both partial derivatives (eqs. (15) and (16)) give constants, U, is only dependent upon the value
of thickness (fig. 5).

For the foam samples and the experimental setup of this study, given good quality initial or signal-
processed waveforms, and using typical values SR = 6.4 THz, ¢ = 0.02997055434 cm/psec, and d ~ 3 to
5 cm, gives U,; = 0.035 to 0.025 percent.

JIOO (17)
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Experimental
Materials

Several sets of blocks of external tank thermal protection system foam were tested with the described
terahertz method. The first set consisted of a 6 by 15 array of foam blocks of about 5 by 5 by 5 cm in
dimensions with minor but nonregular thickness variation (+ 0.1 cm). The blocks were of various
densities ranging from about 0.042 to 0.054 g/cm’ (on the order of 20 percent) measured from mass and
dimensional measurements and were arranged randomly. The next set of foam blocks scanned were trim
cut from the 5 by 5 by 5 cm blocks such that thicknesses were reduced to between 3 to 4 cm to give sets
of blocks of varying thickness and density. Since the foam spray process results in nonuniform density
from the base layer to the top of the block, the densities were remeasured after cutting. Also, a rectangular
foam sample about 12 cm in length was trim cut to form a smooth wedge. Several foam block
configurations were investigated from the cut samples: the smooth wedge, and two sets of blocks having
both density and thickness variation, but ordered as step wedges such that in one case density and
thickness variation would result in additive effect on 21 (Group A), and in the other case ordered such that
density and thickness variation would have an opposing effect on 2t (Group B). A ceramic silicon nitride
sample was also scanned with the terahertz method and had a small density variation of 2 percent due to
porosity variation, and had thickness variation machined in that was on the order of 10 percent (0.32 to
0.35 to 0.03 cm variation) (Roth et al., 1997). Some of the samples interrogated by the terahertz
inspection method in this study are shown in figure 6.

Terahertz Experimental Setup

Table 1 describes the broadband 1 THz scan system and associated experimental parameters.

TABLE 1.—EXPERIMENTAL PARAMETERS FOR TERAHERTZ SCAN SYSTEM
AND SIGNAL PROCESSING

Focus At substrate, or 3 cm
above substrate for wedge
samples

Typical Received Bandwidth Points (THz) (Full Width Half Max)~0.1 to 0.3

Data Acquisition Rate (THz) 6.4

Waveform Length Acquired (psec/points) 320 psec/2048 points

Waveform Acquisition Rate (scan points/sec) ~10

Collinear source-detector Yes

Spatial Resolution (at Full Width Half Max of Point Spread 0.5

Function) (cm)

Signal Acquisition: Width of dynamic (peak-centered) gates for |25 to100

time delay computations (psec)

Scan Increment (cm) 0.2

FS Conditioning (for foam)

Wavelet Denoising, 10 to
40x Amplification,
DC subtraction
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Figure 6.—Some of the samples interrogated by Terahertz
inspection method. (a) Side view of a set of foam blocks
(Group A) of different thickness and density (density
variation not visible) and side view of foam block smooth
wedge. (b) Ceramic silicon nitride wedge and disk from
which the wedge was cut containing lower-than-average
pockets of density and an edge-to-center density gradient.
The wedge was machined to have a 0.03 cm thickness
gradient from left-to-right edge.
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Scanning

Samples were placed on an aluminum plate within the scan system hardware as shown in figure 7.
Scan increment in the X and Y direction was 0.2 cm.

The minimum number of scans required to obtain thickness-independent velocity and microstructure-
independent thickness is two so as to be able to obtain FS and BS echoes in one scan (with sample
present), and M echo (without sample present). Separate scans for FS and BS can be performed if sample
thickness is too large to allow simultaneous capture of both of the echoes in the 320 psec/2048 point
window using 6.4 THz sampling rate. In this study, only two scans were required when the thicknesses
were <4 cm and FS and BS could be captured in one scan. For each sample set, the scans were then
“fused” such that FS, BS and M” echoes were placed in a single wavetrain of 640 psec/4096 points length
with time relationships between the echoes preserved (fig. 8). This occurs at each scan location to create
the new fused data set. Precise time delays 2t and At were determined using cross-correlation between
echoes. Phase relationships were examined for 1) F'S compared to BS and 2) BS compared to M”. For our
present study, all waves appeared to be in phase. If echoes are in-phase with respect to each other, the
time occurrence of the maximum in the correlation function was used to calculate time delay. (If the
echoes were phase-inverted, the time occurrence of the minimum in the correlation function was to be
used calculate time delay.)

Figure 7.—Foam block sample set Group A placed on
aluminum plate. Scan Head located above blocks is
mounted on manipulators for X, Y, and Z movement.

FS (after conditioning) M”  BS

Amplitude (%FSH)

| 1 1 ] ] 1 1 ] 1 ] 1 ] 1 ] | 1 ] 1 ] ] ] T ] |
75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500 525 550 575 600 625 650
- . Time {psec)

Time-Domain

Figure 8.—A typical “fused” waveform from “fused” data file produced by merging the FS, BS, and M’ scan
data sets for foam block sets. FS and BS occur with the sample present. M” occurs without the sample
present. For visualization purposes, M’ has been artificially shifted to the left an additional 40 psec to
avoid overlap between the echoes for visualization purposes. FS has been denoised, amplified, and had
DC component subtracted so as to allow 2t time delay calculation.
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Signal Conditioning

For this study, a 25 to 100 psec gate (window) was applied to account for variations in front surface
echo position due to thickness variations. The gated region containing the S echo is denoised using a
wavelet process, then amplified by 10 to 40x, followed by subtraction of the DC component. The
denoising process used the debauchies 05 mother wavelet (Jensen, 2001). The resultant FS echo was quite

useable as shown in figure 8.

Results

Group A Step Wedge With Known Thickness and Density Variation Pattern

Figure 9 shows 27, microstructure-independent thickness, and density images from the terahertz method
for the Group A step wedge foam block set. The density image was derived from thickness-independent
velocity image using relationship between terahertz velocity and density for foam shown in figure 2(a). This
sample has well-defined thickness and density variation that have additive effects on the 2t image. It can be
seen that the method is able to separate the thickness and density variation components.

-2.733
(8]
[0
2T 5cm a
—_— o)
£
F =
- SO el ! -1.610
<Increasing ]
has components of;
| —4.062
Thickness Variation =
Thickness, cm o
378 338 2.91 3
s e 2
©
.C
: =
T —2:416 -0.059

| .
< Lk 1 and Density Variation

Density, g/cm3

0.0520 0.0490 0.0426 0.0412
= T o .

-0.038

Density, g/cm3
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Figure 9.—Results for Group A Foam Blocks from terahertz method. Method can be seen to separate out
thickness and density effects on time delay (2t) between FS and BS echoes. Increasing thickness and
increasing density from right-to-left in blocks provides an additive effect in terms of increasing 2t from right-to-
left. Scan and/or analog-to-digital conversion jitter (zigzag gray level pattern) is apparent in the density image

of this and following figures.
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Group B Step Wedge With Known Thickness and Density Variation Pattern

Figure 10 shows 21, microstructure-independent thickness, and density images from the terahertz
method for the Group A step wedge foam block set. The density image was derived from thickness-
independent velocity image using relationship between terahertz velocity and density for foam shown in
figure 2(a). This sample has well-defined thickness and density variation that have opposing effects on the
2t image. It can be seen that the method is able to separate the thickness and density variation
components. The 2t image is dominated by the thickness variation.

Smooth Foam Wedge With Known Thickness Variation and Unknown Density Variation

Figure 11 shows 21, microstructure-independent thickness, and density images from the terahertz
method for the smooth foam wedge. The density image was derived from thickness-independent velocity
image using the relationship between terahertz velocity and density for foam shown in figure 2(a). It can
be seen that the 2t image clearly reflects the thickness variation seen in the thickness image. Some minor

—2.767

Time, psec

< Increasing ]

has components of:

Thickness Variation

€

Thickness, cm 3

3.44 3.01 2.51 3
£

o

=

'_

—2.360

< Increasing ] and Density Variation

Density, g/cm3
0.0417 0.0455 0.0520

Increasing >

Figure 10.—Results for Group B Foam Blocks. Method can be seen to separate out thickness and
density effects on time delay (2t) between FS and BS echoes. Density image was derived from
thickness-independent velocity image using relationship between terahertz velocity and density for
foam shown in figure 2(a). Increasing thickness from right-to-left and increasing density from left-
to-right in blocks provides opposing effects on 2r.
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Figure 11.—Results for smooth wedge from terahertz method. Method can be seen to separate out
thickness and density effects on time delay (2t) between FS and BS echoes. Stitch pattern seen in
density image is due to synchronization jitter in scan system and shows prominently due to the small
percent variation seen in the velocity image.

density variation is seen for this sample as evidenced by the darker area at the top center versus the
surrounding areas in the density image. Thickness measurements taken directly from the thickness image
are generally within a few percent of those measured from calipers, although even better agreement was
expected as discussed in the MEASUREMENT UNCERTAINTY section.

6 by 15 Foam Block With Nonregular Thickness and Density Variation Pattern

Figure 12 shows a physically-measured density map next to a density map derived from the
thickness-independent velocity map obtained using the terahertz method. Viewing lighter and darker
areas in the images, it is clear that the physically-measured density variation agrees quite closely with that
derived from the thickness-independent velocity.

Figure 13 shows a hand-measured thickness map next to a microstructure-independent thickness map
obtained using the terahertz method. Excellent agreement is seen between physical measurement of
thickness and thickness obtained from the terahertz method.
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Figure 12.—(a) Physically-measured density (g/cm3) map for 6 by 15 set of foam blocks and (b)
terahertz density map derived from thickness-independent velocity using relationship between
terahertz velocity and density for foam shown in figure 2(a). Note excellent correlation between
light areas in density maps as denoted by dashed ellipses.
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Figure 13.—(a) Hand-measured thickness (cm) map for 6 by 15 set of foam blocks and (b) terahertz
microstructure-independent thickness (cm) image for 6 by 15 set of foam blocks. Note excellent
correlation between dark and light areas in both images. Dashed ellipse denotes dark areas in both
images. Dark scatter spots in microstructure-independent thickness image are due to the presence of
an additional echo within the signal processing gate that results in improper cross-correlation delay
calculation. This additional echo is likely due to the presence of extra material on the surface. These
scatter spots are also in the thickness-independent velocity image of figure 12 but blend better as
they cause variation in that image in the same “direction” as actual velocity variations.
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Silicon Nitride Ceramic Sample With Known Thickness and Density Variation Pattern

Figure 14 shows a typical fused wavetrain from the processing of waveforms from the silicon nitride
sample. The FS echo has not been conditioned or amplified in any way indicating a larger dielectric
mismatch between this sample and air versus that for foam and air.

Figure 15 shows 21, microstructure-independent thickness, and density images for the silicon nitride
sample. The density image was derived from thickness-independent velocity image using relationship
between terahertz velocity and density for silicon nitride shown in figure 2(b). This sample has well-
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Figure 14.—A typical “fused” waveform from “fused” data file produced by merging the FS, BS, and M’
scan data sets for silicon nitride ceramic wedge. No additional conditioning of FS was needed for the
silicon nitride wedge sample since a reasonably large terahertz reflection off of the silicon nitride surface
was obtained.
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Figure 15.—Results from terahertz method for Silicon Nitride ceramic sample. Method
can be seen to separate out thickness and density effects on time delay (21) between
FS and BS echoes. Density map was derived from thickness-independent velocity
map using relationship between terahertz velocity and density for silicon nitride shown
in figure 2(b).
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defined thickness and density variation. It can be seen that the method is able to separate the thickness
and density variation components. The density variations correspond to those seen optically in figure 6(b).
The 2t image is dominated by the thickness variation but some regional variation indicative of the density
variation is noted. Thickness measurements taken directly off of the thickness image are in excellent
agreement with those measured using calipers. This is likely due to the high quality F'S echo and low
uncertainty in the process as described in the MEASUREMENT UNCERTAINTY section.

Summary and Significance

This article describes a noncontact single-sided terahertz electromagnetic measurement and imaging
method that simultaneously characterizes microstructural (egs. spatially-lateral density) and thickness
variation in dielectric (insulating) materials. The method was demonstrated for two materials—Space
Shuttle External Tank sprayed-on foam insulation and a silicon nitride ceramic. With high signal-to-noise
ratio echoes, the method is very precise as was shown experimentally and through error analysis.
Specialized signal processing methods are required to improve the signal-to-noise ratio of front surface
echoes off of foam. In this investigation, a wavelet denoising process followed by software amplifcation
were used to make front surface reflections off of the foam usable for this method. A thin layer of plastic
can be placed on the foam surface to increase dielectric mismatch and initially locate the front surface
echo (so to know the time range to gate).

The method can have significant applicability to characterization of density variations and crushed
foam detection for the sprayed on foam insulation of the thermal protection system for the space shuttle
external tank. As such, it supports the Columbia Accident Investigation Board recommendation to initiate
an aggressive program to eliminate foam shedding. Additional application would be for dielectric
materials needing precision density and thickness characterization in a nondestructive fashion. Scale-up to
curved/cylindrical shapes, and determination of practical limit of thickness variation, are left for further
investigation.
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